We examined the incremental yield of stool culture (with toxin testing on isolates) versus our two-step algorithm for optimal detection of toxigenic Clostridium difficile. Per the two-step algorithm, stools were screened for C. difficile-associated glutamate dehydrogenase (GDH) antigen and, if positive, tested for toxin by a direct (stool) cell culture cytotoxicity neutralization assay (CCNA). In parallel, stools were cultured for C. difficile and tested for toxin by both indirect (isolate) CCNA and conventional PCR if the direct CCNA was negative. The "gold standard" for toxigenic C. difficile was detection of C. difficile by the GDH screen or by culture and toxin production by direct or indirect CCNA. We tested 439 specimens from 439 patients. GDH screening detected all culture-positive specimens. The sensitivity of the two-step algorithm was 77% (95% confidence interval [CI], 70 to 84%), and that of culture was 87% (95% CI, 80 to 92%). PCR results correlated completely with those of CCNA testing on isolates (29/29 positive and 32/32 negative, respectively). We conclude that GDH is an excellent screening test and that culture with isolate CCNA testing detects an additional 23% of toxigenic C. difficile missed by direct CCNA. Since culture is tedious and also detects nontoxigenic C. difficile, we conclude that culture is most useful (i) when the direct CCNA is negative but a high clinical suspicion of toxigenic C. difficile remains, (ii) in the evaluation of new diagnostic tests for toxigenic C. difficile (where the best reference standard is essential), and (iii) in epidemiologic studies (where the availability of an isolate allows for strain typing and antimicrobial susceptibility testing).
Since its identification in 1978, Clostridium difficile has emerged as the predominant cause of antibiotic-associated colitis and the leading cause of diarrhea in hospitalized patients (4) . Strains of C. difficile can be toxigenic or nontoxigenic; however, only toxigenic strains produce disease. The two main virulence factors are toxin A, a 308-kDa enterotoxin with some cytopathic effects (TcdA), and Toxin B (TcdB), a potent 270-kDa cytotoxin that affects various tissue cell lines in vitro and inhibits bowel motility in vivo (3, 12) . The genes encoding both toxins, tcdA and tcdB, have been sequenced, and both are known to disrupt the actin cytoskeleton of intestinal epithelial cells by modifying Rho family proteins. Toxin A has long been considered more important (19, 20) , but an increasing number of reports of colitis due to TcdA-negative but TcdB-positive strains have now been made (5, 35) . Furthermore, other virulence factors have now been identified. Recently, an increase in the frequency and severity of C. difficile-associated colitis, which is associated with a new strain that produces binary toxin (actin-specific ADP-ribosyltransferase) and is resistant to fluoroquinolones in vitro, has refocused attention on early, accurate diagnosis (2, 9, 23, 29, 36) .
Cell culture cytotoxicity neutralization assays (CCNA), which detect the cytopathic effects of toxins in monolayers of cultured cells such as human diploid fibroblasts, are generally considered the best single standard for the detection of toxigenic C. difficile. CCNA can detect quantities of toxin as low as 1 pg (1, 21) ; results are considered positive if characteristic changes are seen in Ն50% of cells at 48 h and are neutralized by C. difficile antitoxin. However, CCNA testing is labor-intensive and subjective, and therefore it is not an ideal standard (1, 18) . Consequently, we have limited CCNA testing to specimens that test positive for the glutamate dehydrogenase (GDH) common antigen of C. difficile, since this screen is Ͼ99% sensitive in identifying CCNA-positive stool samples (34) .
In response to the current epidemic, we studied the relative yield of culture with cytotoxin testing and characterization of isolates versus our standard two-step algorithm for the diagnosis of epidemic and nonepidemic strains of toxigenic C. difficile. Fifteen medical, surgical, and pediatric units were chosen for prospective surveillance. Stool samples submitted Monday to Friday from symptomatic patients were cultured for C. difficile and tested by our current two-step algorithm (step 1, a direct stool test with an enzyme immunoassay [EIA] for C. difficile common antigen [GDH]; step 2, CCNA on a stool specimen if the GDH screen is positive). Recovered isolates of C. difficile were tested for toxin production by CCNA if no toxin had been detected by direct CCNA testing of the stool. Additionally, all available isolates were tested by an in-house conventional multiplex PCR based on a modified CDC protocol (22) . Two-step algorithm: GDH testing and CCNA on stools. All stool specimens submitted were tested for GDH with the C. DIFF CHEK assay (an EIA made by TECHLAB and distributed by Inverness Medical Innovations, Inc., Princeton, NJ) in accordance with the manufacturer's instructions. Specimens were manually washed using 1ϫ wash solution. Results were quantified by measuring the optical density at 450 nm on the BIO-TEK ELx800 microplate reader. A positive result was defined as an optical density of Ն0.120 and a negative result as Ͻ0.120. If the result was positive, a report was issued the same day stating that the C. difficile antigen had been detected, that the presence of antigen may not correlate with disease, and that a toxin test was pending.
Stool samples negative for GDH were not tested further, since the negative predictive value of GDH-negative samples has been 99% (34) . GDH-positive stool samples were tested directly for toxin by CCNA as described previously (34) . Human foreskin fibroblasts (Diagnostic Hybrids, Inc. Athens, OH) were seeded onto 96-well tissue culture microtiter plates at a concentration of 5 ϫ 10 4 cells per well in fresh 10% minimum essential medium (0.2 ml per well). The plates were incubated at 37°C under 5% CO 2 until a confluent monolayer formed. Dilutions of the stool filtrate (1:2 and 1:10) and positive-control toxin were prepared with sterile phosphate-buffered saline and antitoxin and were incubated for 1 h at room temperature. Thereafter, 20 l of each dilution of control toxin, control toxin plus antitoxin, stool filtrate, and stool filtrate plus antitoxin were added to duplicate wells of the microtiter plate and incubated overnight at 37°C under 5% CO 2 . Plates were read at 24 and 48 h. Wells with Ն50% cell rounding were considered positive if the cytotoxic activity was also neutralized by the antitoxin at either the 1:2 or the 1:10 dilution. The rare equivocal result at 48 h was read at 72 h and a final report of positive or negative issued.
Culture for C. difficile. The technologists responsible for C. difficile culture were different from those performing the two-step algorithm and were blinded to the two-step algorithm results. Stool samples were refrigerated before culture if not processed within 2 h. Fresh stool (1 ml) was incubated at 80°C for 10 min in a heat block to trigger the conversion of spores to vegetative bacteria and to promote toxin production. Next, 2 to 3 drops of liquid stool were inoculated onto cycloserine-cefoxitin-fructose agar (CCFA) alone and CCFA with horse blood (Remel, Inc. Lenexa, KS). Presumptive C. difficile was identified by Gram staining (large gram-positive or gram-variable rods), colony morphology, and standard phenotypic methods. Specifically, plates were incubated anaerobically for as long as 5 days at 35°C and were examined for suspicious colonies at 24-h intervals. Suspicious colonies were subcultured to Brucella agar and to CDC agar for anaerobic incubation; a 5-g/ml vancomycin disk was placed on the CDC agar to confirm vancomycin susceptibility. Suspicious colonies were also subcultured to sheep blood agar for incubation under 5 to 7% CO 2 (aerotolerance testing). The Brucella agar was examined for colony morphology (flat, yellow, ground-glass-appearing colonies with a yellow halo), a "horse barn" odor, and yellow fluorescence with a Wood's lamp. Colonies were confirmed to be proline positive with a proline-aminopeptidase disk. If a definitive identification was not possible by these methods, organisms underwent cell wall fatty acid analysis by gas-liquid chromatography or were tested using Remel's Rapid ANA II kit. C. difficile strain ATCC 9689 and Clostridium perfringens ATCC strain 13124 (ATCC, Manassas, VA) were used as positive and negative controls, respectively.
The susceptibilities of C. difficile isolates to ampicillin, amoxicillin-clavulanate, cefoxitin, clindamycin, meropenem, metronidazole, moxifloxacin, and tetracycline were tested by agar dilution; plates were inoculated with a 0.5 McFarland suspension and incubated anaerobically according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI; formerly NCCLS) (10) . Appropriate ATCC strains of C. perfringens, C. difficile, Eubacterium lentum, Bacteroides thetaiotaomicron, and Bacteroides fragilis were used for quality control of susceptibility testing according to the CLSI guidelines (10) .
CCNA testing on isolates of C. difficile. Single isolated colonies of C. difficile were inoculated into chopped-meat broth, incubated for 48 h, diluted 1:2 and 1:10, and incubated with human foreskin fibroblasts at 37°C under 5% CO 2 ; in each case, a second specimen was incubated with a toxin-specific antibody. The plates were examined after 24 and 48 h of incubation with a microscope at ϫ100 magnification; Ն50% cell rounding was interpreted as a positive result.
In-house multiplex conventional PCR for detection of toxigenic C. difficile. PCR testing was performed by a person blinded to the results of all other testing. The in-house conventional PCR protocol was a modification of procedures used at the CDC (22) with primers based on published sequences (16, 32, 33) . DNA was extracted from a single colony of C. difficile grown for ϳ48 h on an anaerobic blood agar plate at 37°C. In the first reaction, primer targets included (i) a 204-bp region that codes for toxin B (16), (ii) a 247-bp sequence within which an 18-to 29-bp deletion indicates a tcdC (repressor of tcdA and tcdB) deletion (32), and (iii) a 377-bp internal control (derived from a 16S rRNA gene sequence for C. difficile and synthesized by Invitrogen Corporation, Carlsbad, CA). A second reaction targeted a 510-bp product that is associated with binary toxin (33) .
Data analysis. The "gold standard" for the diagnosis of toxigenic C. difficile was detection of C. difficile (either by GDH screen or by culture) and production of toxin (detected either directly in a stool specimen or in cultured isolates by CCNA testing). Confidence intervals (CI) were calculated using exact methods. Dichotomous variables were compared with Fisher's exact test. Only one specimen per patient was included in the analysis so as to avoid bias related to repeated sampling (correlated data). Figure 1 summarizes the testing results. Of 439 specimens tested, 186 were negative both by GDH screening and by culture, and 253 were GDH screen positive. Among the GDH screen-positive samples, 112 were positive for toxin by direct stool CCNA testing and 141 were negative. Of the 112 GDHand toxin-positive (two-step algorithm-positive) samples, C. difficile was isolated from 92. Of the 141 GDH screen-negative samples, C. difficile was isolated from 69 samples; 33/69 isolates were confirmed to be toxigenic by CCNA testing of the isolate. The sensitivity of the two-step algorithm was 77% (112/145) (95% CI, 70 to 84%). Twenty samples determined to contain toxin-producing C. difficile by the two-step algorithm were not identified by culture; however, culture followed by CCNA testing on the isolate detected an additional 33 samples not iden- Of the 110 isolates of toxigenic C. difficile tested by PCR, nearly one-third had either binary toxin or the tcdC deletion, or both (features consistent with the outbreak strain NAP-1). The proportions of isolates with binary toxin by PCR were not significantly different for samples that tested positive by CCNA on stools and those that tested positive by CCNA on isolates (25/81 versus 7/29, respectively; P ϭ 0.63). The proportions of isolates with the tcdC deletion were also similar for the two groups (26/81 versus 6/29, respectively; P ϭ 0.34).
RESULTS
Complete PCR testing and antimicrobial susceptibility testing data were available for 108 C. difficile isolates. All isolates were susceptible to metronidazole (MIC, Յ8 g/ml). Among isolates found to harbor binary toxin and the tcdC deletion (suggestive of the epidemic strain NAP-1), 23/28 (82%) were resistant to moxifloxacin (MIC, Ն8 g/ml) and 27/28 (96%) were resistant to or yielded intermediate results for clindamycin (MICs, Ն8 g/ml and 4 g/ml, respectively). In contrast, among isolates without binary toxin and without the tcdC deletion, only 33/76 (43%) yielded resistant or intermediate (MIC, 4 g/ml) results for moxifloxacin and 66/76 (87%) were resistant to or intermediate for clindamycin.
DISCUSSION
Efficient and effective detection of C. difficile diarrhea remains a challenge in clinical medicine. The cytotoxin neutralization assay led to the identification of C. difficile in 1978 and, nearly 30 years later, remains the benchmark for the detection of toxigenic C. difficile. During the 20 years following 1978, many laboratories began to switch to stand-alone EIAs for toxin A and/or toxin B because of their ease and speed. We used TECHLAB's Tox A/B stand-alone EIA for toxin until 2003 based on data showing that its sensitivity was comparable to that of CCNA and because it was faster (1.5 h to results) (1). However, a surge of clinically suspected but Tox A/B EIAnegative C. difficile-associated colitis prompted reevaluation of the Tox A/B-EIA, similar rapid assays, and a two-step algorithm (stool testing for GDH with CCNA only if samples were GDH positive) in comparison with stool CCNA. The two-step algorithm, which was evaluated in comparison with CCNA testing at 1:2 and 1:10 dilutions, was adopted when its sensitivity was found to be 96%, that of Tox A/B-EIA was found to be Ͻ40%, and other rapid toxin assays were found to be similarly inadequate (sensitivities, Ͻ70%) (34). Importantly, clinicians welcomed the more sensitive algorithm despite its CCNA-related delay in final reporting. Inquiries for further explanation have been few. With the advent of a new epidemic strain of C. difficile (alternately called BI, NAP-1, or ribotype 027) that appears to be more toxigenic and refractory to therapy (9, 22, 28, 29) , reassessment of optimal diagnosis methods is critical.
CCNA, although considered the reference diagnostic standard for toxigenic C. difficile, not only has practical drawbacks (it is time-consuming, requiring 24 to 48 h to results) but also is recognized to be an imperfect gold standard (17) . We previously found that repeating stool CCNA testing for patients with clinically suspected disease but negative test results does not increase the likelihood of detecting toxigenic C. difficile (7) . Others have found, similarly, that repeating rapid EIA testing does not substantially increase sensitivity (25) .
What about culture? Culture of toxin-positive stools and storage of isolates for future characterization and typing has now been endorsed by the European Society for Clinical Microbiology and Infectious Diseases Study Group for C. difficile, the European Union Member States, and the European Centre for Disease Prevention and Control (17) . However, interest in culture is not new. Bond et al., among others, have long suggested that culture is more sensitive than stool cytotoxin testing for the detection of toxigenic C. difficile and therefore should be considered the gold standard (6, 11). Bouza and colleagues have reported that a 15% increase in sensitivity can be achieved by culture combined with cytotoxin testing of isolates (8) . However, the data are hard to interpret, since actual and described culture techniques (such as the use of enrichment procedures, heat or alcohol shock, and the composition of CCFA) vary (14) , as do the tests against which they are compared, the number of tests performed, and the populations tested. Comparative North American and European studies have demonstrated that prereduced CCFA with a high cycloserine concentration, as proposed by George et al. (15) , may be optimal (26, 30) . To improve validity and comparability, we chose to use standard commercial media for culture, to assess toxigenicity by CCNA, to include only one observation per patient, and to do parallel testing (two-step algorithm and PCR) for all patients.
We found that the GDH screen identified 100% of cultureproven C. difficile cases. This highlights the high negative predictive value of the GDH screen relative to culture, which has also been evaluated relative to CCNA (31, 34, 37) . GDH screening is less specific, which may reflect antigenic homology among clostridia, as was suggested by a false-positive rapid stool toxin test result for a patient with Clostridium sordellii bacteremia (13) . Importantly, impaired specificity does not impact the performance of GDH as an excellent screening test, which needs only high sensitivity.
We found that neither the two-step algorithm nor culture is 100% sensitive relative to combined testing that includes both culture and CCNA testing (the composite gold standard). Culture with CCNA testing of isolates identified an additional 33 cases of toxigenic C. difficile (23% of the total), which were corroborated as true positives by conventional PCR. However, culture and isolate CCNA testing alone (no two-step algorithm) would have missed at least 20 cases (14% of the total) and would take as long as 9 days for results (2 to 5 days for culture, 2 days for enrichment, and 1 to 2 days for the isolate CCNA) compared with the 1 to 2 days required for stool CCNA. The sensitivity of isolate CCNA testing could differ with the sampling technique, since 20 to 40% of hospitalized patients are colonized with C. difficile (24) , and toxigenic and nontoxigenic C. difficile are likely to be morphologically indistinguishable on a plate. Although the sensitivity of cul- (27) , none of our C. difficile isolates was resistant to metronidazole, which supports the continued cost-effective use of metronidazole for empirical therapy in our population. In this study, susceptibility testing and PCR on isolates also showed that nearly one-third were the epidemic strain NAP-1, yet despite the association of NAP-1 strains with hyperproduction of toxin, these isolates were not more likely to be recovered from CCNA-positive stools than from CCNA-negative stools (22) . A limitation of the current study was that we were not able to compare the clinical severity of cases detected by stool or isolate CCNA that were or were not caused by the epidemic NAP-1 strain. To do this would require prospective collection of data with a validated clinical instrument, since information regarding diarrhea in clinical charts is notoriously inaccurate. Clinical correlation would be of great interest but was not part of the current study.
Our results do show that a combination of the two-step algorithm (with stool CCNA testing) and culture (with isolate CCNA testing) would increase the rate of detection of C. difficile. However, it is hard in practice to balance optimum sensitivity and timely diagnosis with workloads. In this study, culture was set up before the results of stool CCNA testing were known, which led ultimately to unnecessary testing of 112 of 253 stool CCNA-positive specimens. Ideally, culture would be done only if direct (stool) CCNA results were negative, since culture is unnecessary if stool CCNA testing has already identified toxigenic C. difficile. However, had culture been performed only when the stool CCNA result was known to be negative, results would have been further delayed by 24 to 48 h. Thus, although isolate CCNA testing may detect toxigenic C. difficile missed by direct (stool) CCNA testing, if tests are done sequentially, the result will not be known until 6 to 11 days after sample submission.
In summary, we conclude that our two-step algorithm, although less sensitive than spore-enriched culture, is the preferable strategy for routine testing, because (i) more than half of the negative results can be reported the same day (GDH screen negative) and (ii) positive results can be reported within 24 to 48 h (after stool CCNA). In contrast, culture with CCNA testing requires 5 to 9 days. However, culture may be an important tool to (i) aid diagnosis for patients with a high pretest probability of C. difficile despite negative two-step testing, (ii) evaluate new diagnostic tests for toxigenic C. difficile, and (iii) support epidemiologic assessments (by yielding an isolate for strain typing and for susceptibility testing). For example, culture allowed us to diagnose toxigenic C. difficile for some patients for whom it would otherwise have been missed; to demonstrate that GDH is an ideal screening test; to confirm that metronidazole is still an appropriate empirical therapy; and to delineate the current molecular epidemiology of C. difficile at our institution. Thus, we would recommend the two-step algorithm for routine testing, but we have also demonstrated that the combination of GDH screening, stool CCNA, and culture with isolate CCNA has clinical, diagnostic, and epidemiological utility under selected circumstances.
